1. Introduction {#section.0010}
===============

The coronavirus and the torovirus genera form the *Coronaviridae* family, which is closely related to the *Arteriviridae* family. Both families are included in the *Nidovirales* order \[[@BIB1], [@BIB2]\]. Recently, a new group of invertebrate viruses, the *Roniviridae*, with a genetic structure and replication strategy similar to those of coronaviruses, has been described \[[@BIB3]\]. This new virus family has been included within the *Nidovirales* \[[@BIB4]\].

Coronaviruses have several advantages as vectors over other viral expression systems: (i) coronaviruses are single-stranded RNA viruses that replicate within the cytoplasm without a DNA intermediary, making integration of the virus genome into the host cell chromosome unlikely \[[@BIB5]\]; (ii) these viruses have the largest RNA virus genome and, in principle, have room for the insertion of large foreign genes \[[@BIB1], [@BIB6]\]; (iii) a pleiotropic secretory immune response is best induced by the stimulation of gut associated lymphoid tissues. Since coronaviruses in general infect the mucosal surfaces, both respiratory and enteric, they may be used to target the antigen to the enteric and respiratory areas to induce a strong secretory immune response; (iv) the tropism of coronaviruses may be modified by manipulation of the spike (S) protein allowing engineering of the tropism of the vector \[[@BIB7], [@BIB8]\]; (v) non-pathogenic coronavirus strains infecting most species of interest (human, porcine, bovine, canine, feline, and avian) are available to develop expression systems; and (vi) infectious coronavirus cDNA clones are available to design expression systems.

Within the coronavirus two types of expression vectors have been developed ([Fig. 1](#FIG1){ref-type="fig"} ), one requires two components (helper-dependent expression system) ([Fig. 1](#FIG1){ref-type="fig"}A) and the other a single genome that is modified either by targeted recombination \[[@BIB6]\] ([Fig. 1](#FIG1){ref-type="fig"}B.1) or by engineering a cDNA encoding an infectious RNA. Infectious cDNA clones are available for porcine \[[@BIB9], [@BIB10]\] ([Fig. 1](#FIG1){ref-type="fig"}B.2 and B.3), human ([Fig. 1](#FIG1){ref-type="fig"}B.4) \[[@BIB11]\], murine \[[@BIB12]\] and avian (infectious bronchitis virus, IBV) coronavirus \[[@BIB13]\], and also for the arteriviruses equine infectious anemia virus (EAV) \[[@BIB14]\], porcine respiratory and reproductive syndrome virus (PRRSV) \[[@BIB15]\], and simian hemorrhagic fever virus (SHFV) \[[@BIB16]\]. The availability of these cDNAs and the application of target recombination to coronaviruses \[[@BIB6]\] have been essential for the development of vectors based on coronaviruses and arteriviruses.Fig. 1Coronavirus-derived expression systems. (A) Helper dependent expression system based on two components, the helper virus and a minigenome carrying the foreign gene (FG). An, poly A. (B) Single genome engineered by targeted recombination (B.1), by assembling an infectious cDNA clone derived from TGEV genome in BACs (B.2), by the *in vitro* ligation of six cDNA fragments (B.3), or by using poxviruses as the cloning vehicle (B.4).

This review will focus on the advantages and limitations of these coronavirus expression systems, the attempts to increase their expression levels by studying the transcription-regulating sequences (TRSs), and the proven possibility of modifying their tissue and species-specificity.

2. Coronavirus pathogenicity {#section.0015}
============================

Coronaviruses comprise a large family of viruses infecting a broad range of vertebrates, from mammalian to avian species. Coronaviruses are associated mainly with respiratory, enteric, hepatic and central nervous system diseases. In humans and fowl, coronaviruses primarily cause upper respiratory tract infections, while porcine and bovine coronaviruses (BCoVs) establish enteric infections that result in severe economical loss. Human coronaviruses (HCoV) are responsible for 10--20% of all common colds, and have been implicated in gastroenteritis, high and low respiratory tract infections and rare cases of encephalitis. HCoV have also been associated with infant necrotizing enterocolitis and are tentative candidates for multiple sclerosis. In March 2003, a new group of HCoVs has emerged as the ethiological agent of the severe acute pneumonia syndrome (SARS) affecting thousands of people, mostly in China, Singapore, and Toronto. In addition, human infections by coronaviruses seem to be ubiquitous, as coronaviruses have been identified wherever they have been looked for, including North and South America, Europe, and Asia and no other human disease has been clearly associated with them with the exception of respiratory and enteric infections.

3. Molecular biology of coronavirus {#section.0020}
===================================

3.1. Coronavirus genome {#section.0025}
-----------------------

Virions contain a single molecule of linear, positive-sense, single-stranded RNA ([Fig. 2](#FIG2){ref-type="fig"} ). The coronavirus genome with a size ranging from 27.6 to 31.3 kb is the largest viral RNA known. Coronavirus RNA has a 5′ terminal cap followed by a leader sequence of 65--98 nucleotides and an untranslated region of 200--400 nucleotides. At the 3′ end of the genome there is an untranslated region of 200--500 nucleotides followed by a poly(A) tail. The virion RNA, which functions as an mRNA and is infectious, contains approximately 7--10 functional genes, four or five of which encode structural proteins. The genes are arranged in the order 5′-polymerase-(HE)-S-E-M-N-3′, with a variable number of other genes that are believed to be non-structural and largely non-essential, at least in tissue culture \[[@BIB1]\].Fig. 2Coronavirus structure and genome organization. (A) Schematic diagram of coronavirus structure using TGEV as a prototype. The diagram shows the envelope, the core and the nucleoprotein structure. S, spike protein; M and M′, large membrane proteins with the amino-terminus facing the external surface of the virion and the carboxy-terminus towards the inside or the outside surface of the virion, respectively; E, small envelope protein; N, nucleocapsid protein; NC, nucleocapsid. (B) Representation of a prototype TGEV coronavirus genome and subgenomic RNAs. Beneath the top bar a set of positive- and negative-sense mRNA species synthesized in infected cells is shown. Poly(A) and Poly(U) tails are indicated by AAA or UUU. Rep1a and Rep1b, replicase genes; UTR, untranslated region; ∇, indicates presence of a TRS; other acronyms as in A.

About two-thirds of the entire RNA comprises the Rep1a and Rep1b genes. At the overlap between the Rep1a and 1b regions, there is a specific seven-nucleotide "slippery" sequence and a pseudoknot structure (ribosomal frameshifting signal), which are required for the translation of Rep1b as a single polyprotein (Rep1a/b). The 3′ third of the genome comprises the genes encoding the structural proteins and the other non-structural ones.

Coronavirus transcription occurs via an RNA-dependent RNA synthesis process in which mRNAs are transcribed from negative-stranded templates. Coronavirus mRNAs consist of six to eight types of varying sizes, depending on the coronavirus strain and the host species. The largest mRNA is the genomic RNA that also serves as the mRNA for Rep1a and 1b, the remainder are subgenomic mRNAs (sgmRNAs). The mRNAs have a nested-set structure in relation to the genome structure ([Fig. 2](#FIG2){ref-type="fig"}B).

3.2. Coronavirus proteins {#section.0030}
-------------------------

Coronaviruses are enveloped viruses containing a core that includes the ribonucleoprotein formed by the RNA and nucleoprotein N ([Fig. 2](#FIG2){ref-type="fig"}A). The core is formed by the genomic RNA, the N protein and the membrane (M) protein carboxy-terminus. Most of the M protein is embedded within the membrane but its carboxy-terminus is integrated within the core and seems essential to maintain the core structure \[[@BIB17], [@BIB18]\]. At least in the transmissible gastroenteritis virus (TGEV) the M protein presents two topologies. In one (M′), both the amino and the carboxyl termini face the outside of the virion, while in the other (M) the carboxy-terminus is inside \[[@BIB18]\]. In addition, the virus envelope contains two or three other proteins, the spike (S) protein that is responsible for cell attachment, the small membrane protein (E) and, in some strains, the hemagglutinin-esterase (HE) \[[@BIB1]\].

The replicase gene encodes a protein of approximately 740--800 kDa which is co-translationally processed. Several domains within the replicase have predicted functions based on regions of nucleotide homology \[[@BIB19]\].

4. Helper-dependent expression systems {#section.0035}
======================================

The coronaviruses have been classified into three groups (1, 2 and 3) based on sequence analysis of a number of coronavirus genes \[[@BIB1]\]. Helper-dependent expression systems have been developed using members of the three groups of coronaviruses ([Fig. 1](#FIG1){ref-type="fig"}).

4.1. Group 1 coronaviruses {#section.0040}
--------------------------

Group 1 coronaviruses include porcine, canine, feline and HCoVs. Expression systems have been developed for the porcine and HCoVs since minigenomes are only available for these two coronaviruses. One expression system has been developed using TGEV-derived minigenomes \[[@BIB20]\]. The TGEV-derived RNA minigenomes were successfully expressed *in vitro* using T7 polymerase and amplified after *in vivo* transfection using a helper virus. TGEV-derived minigenomes of 3.3, 3.9 and 5.4 kb were efficiently used for the expression of heterologous genes \[[@BIB21], [@BIB22]\]. The smallest minigenome replicated by the helper virus and efficiently packaged was 3.3 kb in length \[[@BIB20]\].

Using M39 minigenome, a two-step amplification system was developed based on the cloning of a cDNA copy of the minigenome after the immediate-early cytomegalovirus promoter (CMV) \[[@BIB20]\]. Minigenome RNA is first amplified in the nucleus by the cellular RNA *pol II* and then, the RNAs are translocated into the cytoplasm where they are amplified by the viral replicase of the helper virus. The β-glucuronidase (GUS) and a surface glycoprotein (ORF5), that is the major protective antigen of the PRSSV, have been expressed using this vector \[[@BIB22]\]. TGEV-derived helper expression systems have a limited stability and minigenomes without the foreign gene replicate about 50-fold more efficiently than those with the heterologous gene \[[@BIB22]\]. Expression of GUS gene and PRRSV ORF5 with these minigenomes has been demonstrated in the epithelial cells of alveoli and in scattered pneumocytes of swine lungs, which led to the induction of a strong immune response to these antigens \[[@BIB22]\].

The HCoV-229E has also been used to express new sgmRNAs \[[@BIB23]\]. It was demonstrated that a synthetic RNA including 646 nt from the 5′ end plus 1465 nt from the 3′ end was amplified by the helper virus.

4.2. Group 2 coronaviruses {#section.0045}
--------------------------

Most of the work has been done with mouse hepatitis virus (MHV) defective RNAs (minigenomes) \[[@BIB24], [@BIB25]\]. Three heterologous genes have been expressed using the MHV system, chloramphenicol acetyltransferase (CAT), HE, and interferon γ (IFN-γ). Expression of CAT or HE was detected only in the first two passages because the minigenome used lacks the packaging signal \[[@BIB26]\]. When virus vectors expressing CAT and HE were inoculated intracerebrally into mice, HE- or CAT-specific sgmRNAs were only detected in the brains at days 1 and 2, indicating that the genes in the minigenome were expressed only in the early stage of viral infection \[[@BIB27]\].

A MHV minigenome RNA was also developed as a vector for expressing IFN-γ. The murine IFN-γ gene was secreted into culture medium as early as 6 h post-transfection and reached a peak level at 12 h post-transfection. No inhibition of virus replication was detected when the cells were treated with IFN-γ produced by the minigenome RNA, but infection of susceptible mice with a minigenome producing IFN-γ caused significantly milder disease, accompanied by less virus replication than that caused by virus containing a control vector \[[@BIB25], [@BIB28]\].

4.3. Group 3 coronaviruses {#section.0050}
--------------------------

IBV is an avian coronavirus with a single-stranded, positive-sense RNA genome of 27,608 nt. A defective RNA (CD-61) derived from the Beaudette strain of the IBV virus was used as an RNA vector for the expression of two reporter genes, luciferase and CAT \[[@BIB29]\].

4.4. Heterologous gene expression levels in helper-dependent expression systems {#section.0055}
-------------------------------------------------------------------------------

Helper-dependent expression systems have a limited stability probably due to the foreign gene since TGEV minigenomes of 9.7, 3.9 and 3.3 kb, in the absence of the heterologous gene, are amplified and efficiently packaged for at least 30 passages, without generating new dominant subgenomic RNAs \[[@BIB20]\]. The expression of GUS, PRSSV ORF5, or CAT using TGEV- or IBV-derived minigenomes in general increases until passages three or four, expression levels are maintained for about four additional passages, and steadily decrease during successive passages \[[@BIB20], [@BIB21], [@BIB22], [@BIB29]\]. Using IBV minigenomes CAT expression levels between 1 and 2 μg per 10^6^ cells have been described. The highest expression levels (2--8 μg of GUS per 10^6^ cells) have been obtained using a two-step amplification system based on TGEV derived minigenomes with optimized TRSs \[[@BIB20], [@BIB21]\]. Using minigenomes derived from TGEV and IBV expression was highly dependent on the nature of the heterologous gene used. Luciferase expression with TGEV and IBV minigenomes was reduced to almost background levels, while expression of GUS or CAT was at least 100--1000-fold higher than background levels, respectively.

5. Single genome coronavirus vectors {#section.0060}
====================================

5.1. Group 1 coronaviruses {#section.0065}
--------------------------

The construction of cDNA clones encoding full-length coronavirus RNAs has considerably improved the genetic manipulation of coronaviruses. The enormous length of the coronavirus genome and the instability of plasmids carrying coronavirus replicase sequences have hampered, until recently, the construction of a full-length cDNA clone. Infectious coronavirus cDNA clones have been described for coronaviruses \[[@BIB9], [@BIB10], [@BIB13]\] and for arteriviruses \[[@BIB14], [@BIB15]\].

The strategy used to clone TGEV infectious cDNA was based on three points \[[@BIB9]\]: (i) the construction was started from a minigenome that was stably and efficiently replicated by the helper virus \[[@BIB20]\]. During the filling in of minigenome deletions a cDNA fragment that was toxic to the bacterial host was identified. This fragment was reintroduced into the cDNA in the last cloning step; (ii) in order to express the long coronavirus genome and to add the 5′ cap required for TGEV RNA infectivity, a two-step amplification system that couples transcription in the nucleus from the CMV promoter, with a second amplification in the cytoplasm driven by the viral polymerase, was used; and (iii) to increase viral cDNA stability within bacteria, the cDNA was cloned as a bacterial artificial chromosome (BAC), that produces a maximum of two plasmid copies per cell. A fully functional infectious TGEV cDNA clone, leading to a virulent virus infecting both the enteric and respiratory tract of swine was engineered. The stable propagation of a TGEV full-length cDNA in bacteria as a BAC has been considerably improved by the insertion of an intron to disrupt a toxic region identified in the viral genome ([Fig. 3](#FIG3){ref-type="fig"} ) \[[@BIB30]\]. The viral RNA was expressed in the cell nucleus under the control of the CMV promoter and the intron was efficiently removed during translocation of this RNA to the cytoplasm. Intron insertion in two different positions (nt 9466 and 9596) allowed stable plasmid amplification for at least 200 generations. Infectious TGEV was efficiently recovered from cells transfected with the modified cDNAs. The great advantage of this system is that the performance of coronavirus reverse genetics only involves recombinant DNA technologies carried out within the bacteria.Fig. 3Intron insertion to stabilize TGEV full-length cDNA. (A) Strategy for the insertion of the 133-nt intron in the indicated positions of the TGEV sequence. (B) Analysis of the three intron-containing TGEV full-length cDNAs in *Escherichia coli* cells. The *EcoR*I--*Xho*I restriction patterns of the three plasmids extracted from *E. coli* cells grown for the indicated number of generations are shown. Arrows indicate disappearance or appearance of a band. M, molecular mass markers. UTR, untranslated region. Rz, hepatitis delta virus ribozyme; BGH, bovine growth hormone termination and polyadenylation sequences. Other acronyms as in [Fig. 2](#FIG2){ref-type="fig"}.

Using TGEV cDNA the green fluorescent protein (GFP) gene of 0.72 kb was cloned in two positions of the RNA genome: either by replacing the non-essential 3a and 3b genes or between genes N and 7. The engineered genome was very stable (\>30 passages in cultured cells) and led to the production of high expression levels (50 μg/10^6^ cells) when the GFP replaced genes 3a/b but was unstable when cloned between genes N and 7 \[[@BIB31]\]. In this case, the GFP gene was eliminated by homologous recombination between preexisting TRS sequences and those introduced to express GFP. Using the most stable vector, the acquisition of immunity by newborn piglets breast fed by immunized sows (lactogenic immunity) was demonstrated \[[@BIB31]\]. GUS expression levels using coronavirus based vectors are similar ([Fig. 4](#FIG4){ref-type="fig"} ) to those described for vectors derived from other positive strand RNA viruses such as Sindbis virus (50 μg per 10^6^ cells) \[[@BIB32]\].Fig. 4GUS expression levels using TGEV-based vectors. The amount of protein expressed with the helper dependent expression system (minigenome) is compared with the expression levels from full-length genomes using the same TRSs (N-14 or N-28) from N gene.

A second procedure to assemble a full-length infectious construct of TGEV was based on the *in vitro* ligation of six adjoining cDNA subclones that span the entire TGEV genome \[[@BIB10]\]. Each clone was engineered with unique flanking interconnecting junctions that determine a precise assembly with only the adjacent cDNA subclones, resulting in a TGEV cDNA. *In vitro* transcripts derived from the full-length TGEV construct were infectious. Using this construct, a recombinant TGEV was assembled that replaced ORF 3a with the GFP gene, leading to the production of a recombinant TGEV that grew with titers of 10^8^  pfu/ml and expressed GFP in a high proportion of cells \[[@BIB33]\].

An infectious cDNA clone has also been constructed for HCoV-229E, another member of group 1 coronaviruses \[[@BIB11]\]. In this case, the system is based on the *in vitro* transcription of infectious RNA from a cDNA copy of the HCoV-229E genome that has been cloned and propagated in vaccinia virus ([Fig. 5](#FIG5){ref-type="fig"} ). Briefly, the full-length genomic cDNA clone of HCoV-229E was assembled by *in vitro* ligation, and then cloned into the vaccinia virus DNA under control of the T7 promoter. Recombinant vaccinia viruses containing the HCoV-229E genome were recovered after transfection of the recombinant vaccinia virus DNA into cells infected with fowlpox virus. In a second phase, the recombinant vaccinia virus DNA was purified and used as a template for *in vitro* transcription of HCoV-229E genomic RNA that was transfected into susceptible cells for the recovery of infectious recombinant coronavirus ([Fig. 5](#FIG5){ref-type="fig"}).Fig. 5Infectious HCoV-229E recovery from cDNA. The genetic map of HCoV-229E (top) is shown. ORFs encoding virus replicase proteins and structural or non-structural proteins are colored in light and dark gray, respectively. Vaccinia virus DNA (black box) and the T7 promoter (white box) are also shown \[[@BIB11]\].

A coronavirus replicon has been derived from the HCoV genome using the same procedure described for the full-length genome construction \[[@BIB34]\]. This replicon included the 5′ and 3′ ends of the HCoV-229E genome, the replicase gene of this virus and a single reporter gene coding for GFP located downstream of a TRS element for coronavirus mRNA transcription. When RNA transcribed from this cDNA was transfected into BHK-21 cells, only 0.1% of the cells showed strong fluorescence. This data shows that the coronavirus replicase gene products suffice for discontinuous sgmRNA transcription, in agreement with the requirements for the arterivirus replicase \[[@BIB35]\].

The expression of a heterologous gene (GFP) by a TGEV replicon was increased between 300- and 400-fold when TGEV N protein was *in cis* co-expressed \[[@BIB36]\]. In addition, expression from a TGEV replicon was also observed when N protein was *in trans* co-expressed using the Venezuelan equine encephalitis virus vector \[[@BIB36]\]. Furthermore, expression from HCoV based vectors also was significantly increased by co-expression of N gene. Therefore, it seems that N protein either stabilizes coronavirus replicons or increases their replication, transcription or translation.

5.2. Group 2 coronaviruses {#section.0070}
--------------------------

Reverse genetics in this coronavirus group has been efficiently performed by targeted recombination between a helper virus and either non-replicative or replicative coronavirus-derived RNAs ([Fig. 2](#FIG2){ref-type="fig"}B.1). This approach, developed by Masters\' group \[[@BIB6], [@BIB37]\], was first applied to the engineering of a five-nucleotide insertion into the 3′ untranslated region (3′ UTR) of MHV \[[@BIB37]\]. This approach was facilitated by the availability of an N gene mutant, designated Alb4, that was both temperature-sensitive and thermolabile. Alb4 forms tiny plaques at restrictive temperature that are easily distinguishable from wild-type plaques. In addition, incubation of Alb4 virions at non-permissive temperature results in a 100-fold greater loss of titer than for wild-type virions. These phenotypic traits allowed the selection of recombinant viruses generated by a single crossover event following cotransfection into mouse cells of Alb4 genomic RNA together with a synthetic copy of the smallest subgenomic RNA (RNA7) tagged with a marker in the 3′ UTR.

An improvement of the recombination frequency was obtained between the helper virus and replicative defective RNAs as the donor species. Whereas between replication competent MHV and non-replicative RNAs a recombination frequency of the order of 10^−5^ was estimated, the use of replicative donor RNA yielded recombinants at a rate of some three orders of magnitude higher \[[@BIB38]\]. This higher efficiency made it possible to screen for recombinants even in the absence of selection. In this manner, the transfer of silent mutation in Rep1a gene of a minigenome to wild-type MHV at a frequency of about 1% was demonstrated.

Targeted recombination has been applied to the generation of mutants in most of the coronavirus genes. Thus, two silent mutations have been created so far in gene 1a \[[@BIB38]\]. The S protein has also been modified by targeted recombination. Changes were introduced by one crossover event at the 5′ end of the S gene that modified MHV pathogenicity \[[@BIB39]\]. Targeted recombination mediated by two cross-overs allowed the replacement of the S gene of a respiratory strain of TGEV by the S gene of enteric TGEV strain PUR-C11 leading to the isolation of viruses with a modified tropism and virulence \[[@BIB7]\]. In this case the recombinants were selected *in vivo* using their new tropism in piglets. A new strategy for the selection of recombinants within the S gene, after promoting targeting recombination, was based on elimination of the parental replicative TGEV by the simultaneous neutralization with two mAbs (I. Sola and L. Enjuanes, unpublished results). Mutations have also been introduced by targeted mutagenesis within the E and M genes. These mutants provided corroboration for the pivotal role of E protein in coronavirus assembly and identified the carboxyl terminus of the M molecule as crucial to assembly \[[@BIB40]\].

Targeted recombination was also used to express heterologous genes. For instance, the gene encoding GFP was inserted into MHV between genes S and E, resulting in the creation of the largest known RNA viral genome \[[@BIB41]\].

An infectious MHV cDNA clone has recently been assembled *in vitro*. A method similar to the one developed to assemble an infectious TGEV cDNA clone based on the *in vitro* ligation of seven contiguous cDNA subclones has been applied to the construction of a cDNA that spanned the 31.5 kb of the MHV A59 strain \[[@BIB12]\]. The ends of the cDNAs were engineered with unique junctions, which were directed to assembly with only the adjacent cDNAs subclone, resulting in an intact MHV-A59 cDNA construct. The interconnecting restriction site junctions that are located at the ends of each cDNA are systematically removed during the assembly of the complete full-length cDNA product, allowing reassembly without the introduction of nucleotide changes. RNA transcripts derived from the full-length MHV-A59 construct was infectious, although virus recovery was enhanced 10--15-fold in the presence of RNA transcripts encoding the nucleocapsid protein, N.

5.3. Group 3 coronaviruses {#section.0075}
--------------------------

The infectious IBV cDNA clone was assembled using the same strategy reported for HCoV-229E with some modifications \[[@BIB13]\]. Similarly to HCoV-229E, the IBV genomic cDNA was assembled downstream of the T7 promoter by *in vitro* ligation and cloned into the vaccinia virus DNA. However, recovery of recombinant IBV was done after the *in situ* synthesis of infectious IBV RNA by transfection of restricted recombinant vaccinia virus DNA (containing the IBV genome) into primary chick kidney cells previously infected with a recombinant fowlpox expressing T7 RNA polymerase.

Engineered cDNAs are having an important impact on the study of mechanisms of coronavirus replication and transcription and provide an invaluable tool for the experimental investigation of virus--host interactions.

5.4. Replication-competent propagation-deficient coronavirus-derived expression systems {#section.0080}
---------------------------------------------------------------------------------------

Replication-competent propagation-deficient virus vectors based on TGEV genomes deficient in the essential gene E that are complemented in packaging cell lines have been developed \[[@BIB33], [@BIB42]\]. Two types of cell lines expressing TGEV E protein have been established, one with transient expression using the non-cytopathic Sindbis virus replicon pSINrep21 ([Fig. 6](#FIG6){ref-type="fig"} ) and another stably expressing E gene under the CMV promoter. The rescue of recombinant TGEV deficient in the non-essential 3a and 3b genes, and the essential E gene reached high titers (\>6×10^6^  pfu/ml) in cells transiently expressing the TGEV E protein, while this titer was up to 5×10^5^  pfu/ml in packaging cell lines stably expressing protein E. Interestingly, virus titers were related to protein E expression levels \[[@BIB42]\]. Recovered virions showed the same morphology and stability at different pH and temperatures than the wild type virus.Fig. 6Rescue of recombinant TGEV-ΔE from cDNA in cells transiently expressing E protein. (A) Analysis by immunofluorescence with M protein specific monoclonal antibodies of the rescue of full-length recombinant TGEV (rTGEV-*wt*) or TGEV cDNA with the E gene deleted (rTGEV-ΔE) in normal BHK-APN cells (E^−^) or cells expressing TGEV E protein (E^+^). (B) Titers through passage of recombinant TGEV rescued from cDNA in BHK-APN cells (CE^−^) or BHK-APN cells expressing TGEV E protein (CE^+^) transfected either with rTGEV-*wt* (V*wt*) or with rTGEV-ΔE virus (VΔE). Error bars represent standard deviations of the mean from four experiments.

A second strategy for the construction of replication-competent propagation-defective TGEV genomes expressing heterologous genes, involves the assembly of an infectious cDNA from six cDNA fragments that are ligated *in vitro* \[[@BIB33]\]. The defective virus with the essential E gene deleted was complemented by the expression of E gene using the Venezuelan equine encephalitis replicon expression vector. However, titers of recombinant TGEV-ΔE expressing the GFP were at least 10- or 100-fold lower (around 10^4^  pfu/ml) than with the system using stably transformed cells or the SIN vector to complement deletion of the E gene \[[@BIB42]\].

5.5. Cloning capacity of coronavirus expression vectors {#section.0085}
-------------------------------------------------------

Coronavirus minigenomes have a theoretical cloning capacity close to 27 kb, since their RNA with a size of about 3 kb is efficiently amplified and packaged by the helper virus and the virus genome has about 30 kb. In contrast, the theoretical cloning capacity for an expression system based on a single coronavirus genome like TGEV according to current available knowledge is between 3 and 3.5 kb taking into account that: (i) the non-essential genes 3a (0.2 kb), 3b (0.73 kb), and most of gene 7 \[[@BIB43]\] have been deleted leading to a viable virus; (ii) the standard S gene can be replaced by the S gene of a porcine respiratory coronavirus (PRCV) mutant with a deletion of 0.67 kb; and (iii) both DNA and RNA viruses may accept genomes with sizes up to 105% of the wild type genome. This cloning capacity will probably be enlarged by deleting non-essential domains of the replicase gene. These domains are being identified by comparing the arterivirus replicase gene (i.e., for EAV 9.7×10^3^ nt) and that of coronavirus (i.e., for TGEV 20.3×10^3^ nt) \[[@BIB19]\]. Differences in size between these two replicase genes could correspond to non-essential domains in the coronavirus replicase that may be dispensable.

6. Optimization of transcription levels {#section.0090}
=======================================

To optimize expression levels it is essential to improve virus vector replication levels without increasing virulence, to optimize the accumulation of total mRNA levels, and to improve mRNA translation. These results can only be achieved by determining the mechanism involved in these processes. A brief review of the mechanism of mRNA transcription in coronavirus and arterivirus is described to help achieve this goal.

Coronavirus RNA synthesis occurs in the cytoplasm via a negative-strand RNA intermediate that contains short stretches of oligo(U) at the 5′ end. Both genome-size and subgenomic negative-strand RNAs, which correspond in number of species and size to those of the virus-specific mRNAs have been detected \[[@BIB44], [@BIB45]\]. Coronavirus mRNAs have a leader sequence at their 5′ ends. At the start site of every transcription unit on the viral genomic RNA, there is a TRS that includes a highly conserved core sequence (CS) that is nearly homologous to the 3′ end of the leader RNA. This sequence constitutes part of the signal for sgmRNA transcription. The common 5′ leader sequence is only found at the very 5′ terminus of the genome, which implies that the synthesis of sgmRNAs involves fusion of non-contiguous sequences. The mechanism involved in this process is under debate. Nevertheless, the *discontinuous transcription during negative-strand RNA synthesis* model is compatible with most of the experimental evidence \[[@BIB45], [@BIB46], [@BIB47]\]. Because the leader--mRNA junction occurs during the synthesis of the negative strand within the sequence complementary to the CS (cCS) the nature of the CS is considered crucial for mRNA synthesis. Transcription levels may be influenced by many factors. The three that we \[[@BIB21]\] consider most relevant are: (i) potential base pairing between the leader 3′ end and sequences complementary to the TRS located at the 5′ end of each nidovirus gene (cTRS), that guide the fusion between the nascent negative strand and the leader TRS. A minimum complementarity is needed between the leader-TRS and the cTRSs of each gene. Extension of this complementarity increases mRNA synthesis up to a certain extent, beyond a certain extension addition of 5′ or 3′ CS flanking sequences does not help transcription \[[@BIB21], [@BIB48], [@BIB49]\]; (ii) proximity of a gene to the 3′. Since the TRSs act as signals to slow down or stop the replicase complex, the smaller mRNAs should be the most abundant. Although this has been shown to be the case in the *Mononegavirales* \[[@BIB50]\] and in coronaviruses shorter mRNAs are in general more abundant, the relative abundance of coronavirus mRNAs is not strictly related to their proximity to the 3′ end \[[@BIB21], [@BIB51]\]; and (iii) potential interaction of proteins with the TRSs RNA, and protein--protein interactions that could regulate transcription levels. The reassociation of the nascent RNA chain with the leader TRS is probably mediated by approximation of the leader TRS through RNA--protein and protein--protein interactions.

6.1. Characteristics of the TRS {#section.0095}
-------------------------------

The three factors implicated in the control of mRNA abundance assume a key role for the TRS. Hence, in order to engineer vectors with high expression levels, it seems relevant to define the characteristics of the TRS, including the size of the 5′ and 3′ TRS sequences flanking the CS. The CS of coronaviruses belonging to groups I (hexamer 5′-CUAAAC-3′) and II (heptamer 5′-UCUAAAC-3′) share homology, whereas the CS of coronaviruses belonging to group III, like that of IBV, have the most divergent sequence (5′-CUUAACAA-3′). Also, arterivirus CSs have a sequence (5′-UCAACU-3′) that partially resembles that of IBV. Thus, the CSs of different coronaviruses are quite similar though slightly different in length. This CS is essential for mRNA synthesis, and can be considered to be a defined domain in the TRS because it is particularly conserved within a nidovirus family, while the flanking sequences, both at the 5′ (5′ TRSs) and at the 3′ (3′ TRSs) have a unique composition for each gene even within the same virus.

The influence of the CS in transcription has been analyzed in detail in the arteriviruses \[[@BIB46], [@BIB47]\]. Using an infectious cDNA clone of EAV it has been shown that sgmRNA synthesis requires base pairing interaction between the leader TRS and cTRS in the viral negative strand. The construction of double mutants in which a mutant leader CS was combined with the corresponding mutant RNA7 body CS, resulting in the specific restoration of mRNA7 synthesis, suggested that the sequence of the CS *per se* is not crucial, as long as the possibility for CS base pairing is maintained. Nevertheless, it has been shown that other factors, besides leader--body base pairing, also play a role in sgmRNA synthesis and that the primary sequence (or secondary structure) of TRSs may dictate strong base preferences at certain positions \[[@BIB46]\]. In addition, detailed analysis of the TRS used in the arteriviruses \[[@BIB47]\], MHV \[[@BIB52]\], BCoV \[[@BIB53]\], and TGEV \[[@BIB31]\] indicate that non-canonical CS sequences may also be used for the switch during the discontinuous synthesis of the negative strand during transcription in the *Nidovirales*.

The promotion of transcription from a given CS is also a function of the CS flanking sequences. Data from different laboratories working with different nidoviruses have shown that CS flanking sequences can critically influence the strength of a given fusion site \[[@BIB21], [@BIB48], [@BIB49], [@BIB53], [@BIB54], [@BIB55]\]. Although approximations to the definition of the TRS have been made, the precise length of the TRS requires further work to optimize accumulation of mRNA levels.

6.2. Effect of CS copy number on transcription {#section.0100}
----------------------------------------------

Studies on coronavirus transcription were performed using more than one CS to express the same mRNA. The accumulated amounts of sgmRNA remained nearly the same for constructs with one to three CSs, and transcription preferentially occurred at the 3′-most TRS \[[@BIB29], [@BIB56], [@BIB57], [@BIB58]\]. This observation is consistent with the coronavirus discontinuous transcription during the negative-strand synthesis model \[[@BIB59]\].

7. Modification of coronavirus tropism and virulence {#section.0105}
====================================================

Driving vector expression to different tissues may be highly convenient in order to preferentially induce a specific type of immune response, i.e., mucosal immunity by targeting the expression to gut-associated lymph nodes. In addition, it seems useful to change the species specificity of the vector to expand its use. Both tissue- and species-specificity have been modified using coronavirus genomes.

Group 1 coronaviruses attach to host cells through the S glycoprotein by interactions with aminopeptidase N (APN) which is the cellular receptor \[[@BIB60], [@BIB61]\]. Group 2 coronaviruses use the carcinoembryonic antigen-related cell adhesion molecules (CEACAM) as receptors. Engineering the S gene can lead to changes both in the tissue- and species-specificity \[[@BIB7], [@BIB8]\].

Tropism change in general leads to a change in virulence. Certainly this is the case in porcine coronavirus with a virulence directly related to its ability to grow in the enteric tract \[[@BIB7]\]. Gene expression among the non-segmented negative-stranded RNA viruses is controlled by the highly conserved order of genes relative to the single transcriptional promoter. Rearrangement of the genes of vesicular stomatitis virus eliminates clinical disease in the natural host and is considered a new strategy for vaccine development \[[@BIB62]\]. In coronavirus, genes closer to the 3′ end are in general expressed more abundantly than 3′ end distal ones and, in principle, gene order change can also lead to virus attenuation (P. Rottier, personal communication).

8. Expression systems based on arteriviruses {#section.0110}
============================================

The *Arteriviridae* include four members: EAV, PRRSV, SHFV and lactate dehydrogenase-elevating virus of mice (LDHV). Defective genomes of EAV have been isolated and used to express a reporter gene (CAT) in cell culture \[[@BIB35]\]. More interestingly, infectious cDNA clones have been obtained for EAV \[[@BIB14]\], PRRSV \[[@BIB14], [@BIB63]\] and SHFV \[[@BIB16]\] creating the possibility of specifically altering their genomes for vector development and vaccine production. To insert genes in different positions a unique restriction endonuclease site has been introduced between consecutive EAV genes \[[@BIB63]\]. The viruses recovered expressed epitopes of nine amino acids from MHV within the ectodomain of the membrane (M) protein for at least three passages \[[@BIB35]\]. Foreign epitopes have also been expressed by using PRRSV vectors \[[@BIB64]\].

9. Conclusions {#section.0115}
==============

Both helper-dependent expression systems, based on two components, and single genomes constructed by targeted recombination, or by using infectious cDNAs, have been developed for coronaviruses. The sequences that regulate transcription have been characterized mainly using helper-dependent expression systems. These expression systems have the advantage of their large cloning capacity, in principle higher than 27 kb, produce reasonable amounts of heterologous antigens (2--8 μg/10^6^ cells), show a limited stability (synthesis of heterologous gene is maintained for around 10 passages), and elicit strong immune responses. In contrast, coronavirus vectors based on single genomes have at present a limited cloning capacity (3--3.5 kb), expression levels of heterologous genes are 10-fold over those of helper dependent systems (\>50 μg/10^6^ cells) and are very stable (\>30 passages). Furthermore, replication-competent propagation-deficient expression systems based on coronavirus genomes have been developed increasing the safety of these vectors. The possibility of expressing different genes under the control of TRSs with programmable strength, and engineering the tissue and species tropism indicate that coronavirus vectors are very flexible. Thus, coronavirus-based vectors are emerging with a high potential for vaccine development and, possibly, for gene therapy.
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